The ryanodine receptor-like Ca2+ channel (RyRLC) is responsible for Ca2+ wave propagation and Ca2+ oscillations in certain nonmuscle cells by a Ca2+-induced Ca2+ release (CICR) mechanism. Cyclic ADP-ribose (cADPR), an enzymatic product derived from NAD+, is the only known endogenous metabolite that acts as an agonist on the RyRLC. However, the mode of action of cADPR is not clear. We have identified calmodulin as a functional mediator of cADPRtriggered CICR through the RyRLC in sea urchin eggs.
. At present, cADPR is the only known endogenous metabolite which activates these ryanodine receptors; in addition, caffeine is known to potentiate the action of cADPR (7) . However, the physiological role of cADPR in mammalian cells is controversial (13, 35, 36) and.is not as widely observed as that of InsP3 (14) . Accordingly, the mode of action of cADPR is not fully understood. The present study was undertaken to clarify the mechanism of CICR via the RyRLC, using cADPR as the agonist. For this purpose, we used sea urchin egg homogenates, which are rich in both InsP3-and cADPRsensitive Ca2+ storage compartments and which are known to display the response mechanisms characteristic of intact cells (8) (9) (10) ). Our results demonstrate that calmodulin is a functional mediator of CICR, acting via a RyRLC in sea urchin eggs. While this work was in preparation for publication, Lee et at (15) reported a similar role for calmodulin. Although our results and those of Lee et at are strongly complementary,
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there are significant differences between their working model and ours. Here we describe the functional interaction among cADPR, calmodulin, and caffeine on two phases of Ca2+ release via the RyRLC.
EXPERIMENTAL PROCEDURES Materials. Fluo-3 pentaammonium salt and Polymetal Sponge B [DTPA polyacrylamide (16, 17) ] were purchased from Molecular Probes. Ionomycin was from Calbiochem, thapsigargin and InsP3 were from LC Services (Woburn, MA), and Chelex 100 resin was from Bio-Rad. Other chemicals, including W-7, W-5, and calmodulin, were reagent grade and were obtained from Sigma or Fisher Scientific, unless otherwise noted. W-5 and W-7 obtained from Research Biochemicals (Natick, MA) and Calbiochem were also tested. cADPR was a generous gift from H. C. Lee (University of Minnesota, Minneapolis) (7, 18) . Sea urchins (Strongylocentrotus purpuratus) were obtained from Marinus (Long Beach, CA). In general, all buffers were treated with Chelex 100 resin.
Ca2+ Release Assay. Sea urchin egg homogenates were used as the biological target for the Ca2+ release assay. Egg homogenates were prepared from S. purpuratus as described previously (10, 19, 20) with minor modifications. In brief, eggs were dejellied, washed once with artificial seawater (ASW: 460 mM NaCl/27 mM MgCl2/28 mM MgSO4/10 mM CaCl2/10 mM KCl/2.5 mM NaHCO3, pH 8.0), once with Ca2+-free seawater containing 1 mM EGTA, twice with Ca2+-free seawater without EGTA, and then once with homogenization medium (250 mM N-methylglucamine/250 mM potassium gluconate/20 mM Hepes/1 mM MgCl2, pH adjusted to 7.2 by addition of acetic acid). Eggs were then resuspended in 4 vol of homogenization medium. Aprotinin (10 ,ug/ml), soybean trypsin inhibitor (25 gg/ml), leupeptin (10 ,ug/ml), ATP (0.5 mM), phosphocreatine (4 mM), and creatine kinase (2 units/ ml) were added. After homogenization with a Dounce-type homogenizer for 40 strokes with a size A pestle, the homogenate was centrifuged for 10 min at 1000 x g. All procedures were performed at 4°C. The supernatant solution was stored at -70°C until use. The homogenate at this stage is referred to as 25%, because the eggs were suspended in medium at a ratio of 1:4 (vol/vol). 
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The fluorescence measurements and calibration of Ca2+ release were performed as described previously (10, 17) . The 25% homogenate was thawed and diluted to a final concentration of 0.7%, 1.25%, or 1.6%, where indicated, with the homogenization medium, and the following additions were made: an ATP-regenerating system (0.75 mM ATP/2 mM phosphocreatine and creatine kinase at 1 unit/ml) and 0.5-1 ,iM fluo-3. Because we noted functional contamination with mitochondria in this preparation, mitochondrial inhibitors were added (0.2 ,uM antimycin and oligomycin at 2 ,ug/ml) at the beginning of each preincubation. Although homogenates preincubated under these conditions for as long as 8 h at 16°C showed no loss of responsiveness to any of the compounds used in this study, compared with homogenates preincubated for only 1.5 h, all measurements were performed after only 2-3 h of preincubation.
Fluorescence was measured with a Spex Fluorog FlilA spectrofluorometer (excitation wavelength = 490 nm, emission wavelength = 535 nm). Throughout the preincubation and during the measurements, the homogenate was continuously stirred at 16°C and each test compound was added from a 200-100OX concentrated stock solution. At the end of each experiment (usually after addition of ionomycin), calibration was performed by adding 1 mM CaCl2, followed by 10 mM response curve for the 1.6% homogenate suggested the occurrence of a cooperative process which was less prominent in the more dilute homogenates. If cooperativity occurred solely among agonist molecules, similar curves would have been obtained with all preparations, as was observed with InsP3-induced Ca2' release (IICR) (Fig. 1 B; see also ref. 16 ). Therefore, the cooperativity could be due to released Ca2+ or other endogenous factor(s) present in the more concentrated homogenate.
Coagonistic Actions of Ca2l on cADPR-Induced and Caffeine-Induced Ca2' Release. To test whether Ca2+ was coagonistic, the action of added Ca2+ on agonist-induced Ca2+ release was examined. Ca2+ plus cADPR caused a synergistic release of sequestered Ca2+ ( Fig. 2A) , a finding which agrees with the previous observation of Lee (7) . Caffeine and cADPR are known to cause Ca2+ release through the same RyRLC (6, 7). Potentiation of caffeine-induced Ca2+ release by coaddition of Ca2+ was also observed ( Fig. 2B ; also see ref 6), while it was not seen for IICR (Fig. 2C ). These results demonstrate that Ca2+ acts coagonistically with cADPR or caffeine to potentiate Ca2+ release through the RyRLC.
It has been reported that caffeine potentiates Ca2+ release induced by low concentrations of cADPR to cause a leftward shift in the concentration-response curve (7) . In our experiments, caffeine synergistically potentiated Ca2+ release induced not only by a low concentration (30 nM) (Fig. 2D) concentration-dependent manner, accelerated Ca2+ release induced by cADPR up to 2.5-fold (Fig. 4) . Calmodulin also significantly potentiated caffeine-induced Ca2+ release, although the effect was of substantially lesser magnitude. In contrast, calmodulin had no effect on IICR. Thus, calmodulin had a selective action on Ca2+ release through the RyRLC. This action was observed only in the presence of cADPR or caffeine; calmodulin alone, preactivated with 10 ,uM CaCl2, did not homogenate (see Fig. 1 ) were made steeper and were shifted to the left by addition of calmodulin (data not shown). Calmodulin from two different sources (bovine brain and bovine testes) was tested, and the results with both preparations were essentially the same. These samples of calmodulin contained considerable amounts of metals, presumabjy Ca2 , which were removed by pretreatment with Polymetal Sponge B (16, 17) . effect on Ca2+ release induced by cADPR (data not shown). Second, the CaM-K II fragment peptide (residues 290-309; IC50 = 52 nM) (24), up to 5 ,M, had no effect on cADPRinduced Ca2+ release (data not shown). Third, because nitric oxide-dependent synthesis of cyclic GMP can stimulate cADPR production (5), and because the production of nitric oxide is calmodulin dependent (14) , calmodulin-stimulated synthesis of cADPR by means of nitric oxide production was a possible mechanism. However, Nw°-nitro-L-arginine methyl ester and Nw-monomethyl-L-arginine, inhibitors of calmodulin-dependent nitric oxide synthase (14, 25) (IC50 << 20 AM), had no effect on cADPR-induced Ca2+ release at concentrations up to 200 ,uM (data not shown). These results, together with knowledge that there are several potential calmodulinbinding sites on the cloned RyRC (26), raise the possibility that the action of calmodulin could be by direct binding to the RyRLC. Finally, the lack of effect of the calmodulin-inhibitory peptide implies that calmodulin might be prebound to its molecular target in a complex to which the inhibitory peptide could not gain effective access. .
DISCUSSION
We conclude that calmodulin plays a role as a selective mediator of CICR via the RyRLC in sea urchin eggs. These findings were unexpected, not only because Ca2+ itself has long been considered to be the direct trigger for CICR (1-3) but also because calmodulin has not previously been recognized as being involved in the opening of any Ca2+ channel (21) . This regulatory mechanism is quite distinct from the sarcoplasmic reticulum-type of CICR mechanism (4): (i) calmodulin is a negative modulator of the function of the muscle type of RyRC (27) , whereas it is an important cofactor for the opening of the RyRLC; (ii) in terms of the mode of action of Ca2 , it is direct on the muscle type and brain type of RyRCs (28) , whereas it is indirect via calmodulin in sea urchin eggs; (iii) phosphorylation of the RyRCs (29) leads to inactivation of the muscle type of the channel (30) , whereas inhibitors of calmodulindependent protein kinase had no effect on the function of the RyRLC. Furthermore, our results emphasize the importance of an external (cytosolic) site (not within the Ca2+-containing vesicle) as the trigger for CICR in nonmuscle cells (1-3) by demonstrating involvement of calmodulin as a sensor of extravesicular Ca2+. However, the observation by Galione et at (9) that overloading of vesicular Ca2+ pools caused spontaneous Ca2+ release implies the presence of an additional intravesicular sensor or other mechanisms sensitive to Ca2+ overloading. We propose that the extravesicular sensor calmodulin is crucial for wave propagation or synchrony of oscillations, and the overloading-sensitive mechanism is important for periodic Ca2+ release. Whether these regenerative Ca2+ signaling pathways are sensitive to inhibition of calmodulin in intact cells remains to be tested.
While this manuscript was in preparation, Lee et at (15), using a similar experimental system, reported a mediator role for calmodulin; however, their postulated mode of interactions among cADPR, caffeine, and calmodulin is somewhat different from our own. Our current model is depicted in Fig. 5 . Because we have shown nonidentical actions of cADPR and caffeine on the RyRLC (Fig. 2E) , we postulate two regulatory domains on the RyRLC, one for cADPR and a second for caffeine. Because caffeine-induced Ca2+ release was particularly sensitive to inhibition of calmodulin (Fig. 3A) , and because exogenous calmodulin had a modest effect on caffeineinduced Ca2+ release (Fig. 4) , we speculate that a critical low concentration of calmodulin is essential and sufficient for caffeine to exert its potentiating action. Therefore, we depict the site of action of calmodulin as downstream from that of caffeine. Alternatively, calmodulin might act on a separate regulatory domain on the RyRLC, which could then interact with the caffeine domain. Both of these models are somewhat different from that proposed by Lee et at (15) , in which caffeine can substitute for calmodulin. We assume that low concentrations of calmodulin present in our preparation could explain the difference.
cADPR-induced Ca2+ release is at least a two-step process: cADPR induces an initial rapid Ca2+ release (initial phase; Fig. 5 Cell Biology: Tanaka and Tashjian   3248 Cell Biology: Tanaka and Tashjian activated calmodulin (potentiation phase; Fig. 5 Right) . In the absence of sufficient activated Ca/calmodulin, opening of the cADPR-induced channel is short-lived and Ca2+ release is transient. However, in the presence of calmodulin, activated locally by newly released Ca2 , the channel is maintained in an open state for a longer period to cause a prolonged and larger release of sequestered Ca2+. Presumably, in Ca2+ wave propagation in intact eggs, local calmodulin, by responding to a local increase in [Ca2+], mediates transfer of the signal to adjacent pools. Unactivated calmodulin could be prebound to its molecular target and become activated by the initial phase of Ca2+ release. In intact cells, the internal Ca2+ concentration, [Ca2+]i, may well increase locally to the Kd of calmodulin for Ca2+ (micromolar range) (21) , although the overall [Ca2+]I peak detected by Ca2+ indicators is often in the high nanomolar range. In our egg homogenates, addition of CaCl2 (Fig.  2 A and B) increased the local [Ca2+] sufficiently to activate calmodulin and trigger in vitro a process analogous to Ca2+ wave propagation in intact cells. Indeed, Ca2+ potentiation was not observed in our experiments when cADPR or caffeine was administered after the added CaCl2 was diluted by diffusion and was sequestered in vesicular compartments (data not shown).
Our findings have implications beyond the sea urchin egg model. Although the presence and actions (11, 32, 33) of cADPR have been reported in several mammalian cells or tissues (5), these actions are not as widespread or reproducible as those of InsP3 (13, 14) . Broken cell preparations, such as permeabilized cells, which are widely used to explore intracellular signaling events, may lose calmodulin by diffusion (34) . Because loss of calmodulin can severely impair the action of cADPR (Figs. 1 and 3) , the effect of cADPR in broken cell preparationis could be attenuated or missed. Our findings could also explain the lack of direct demonstration of CICR in broken cell preparations of nonmuscle cells.
